Introduction
Physiological brain aging is associated with some degree of memory impairment, which is however different and much less severe than in Alzheimer disease. With the world populations growing ever older, the issue of the nature and the mechanisms of memory impairment associated with aging have become very important. There is some evidence that neuronal loss and alterations in neurotransmitter systems occur in the senescent subject, yet the relationship between such changes and the age-related memory deficit is far from being clear. New findings showing early physiological, biochemical and structural changes as early markers of aging may serve as a basis for further research aimed at slowing down physiological brain aging, A decrease of the neuronal number accompanied by reduced width of the CA1 pyramidal cell layer was observed in middle-aged rats which may correspond to their reduced neurotransmission found in the CA3-CA1 synapse. An absolute value of mean magnitude of baseline field potential as well as of response obtained 51-60 min after high frequency stimulation was significantly lower in the middle-aged rats. The measurement of 1 H-NMR metabolite content in hippocampal extracts of 2-and 17-m/o rats revealed that none of the sixteen metabolites identified can serve as a marker for middle-age-related changes. Conclusions: Functional and morphological changes are observed in middle-aged hippocampus. Therefore, 15-17-m/o rats could serve as proper animal model in studies focused on aging. Further studies aimed at timely prevention of early changes in the brain may contribute in slowing down of physiological brain aging.
neuronal loss and damage. Generally, the majority of the experiments has however been performed on young and on senescent experimental animals. An appropriate selection of the age of experimental animals is important especially in studying stages of aging and the emerging conditions, e.g. hypertension, diabetes, ischemia, neurodegenerative diseases and memory impairment [1, 2] . Long-term potentiation (LTP), a longlasting enhancement in excitatory synaptic response to a short high-frequency electrical stimulation (HFS), is regarded an experimental model for cellular mechanisms involved in learning and memory. Altered synaptic plasticity in the hippocampus is assumed to contribute to the decline in cognitive function during aging and in age-related neurodegenerative diseases [3] [4] [5] [6] . A number of studies have shown considerable morphological changes in hippocampal formation during aging, and positive correlations between age-related cognitive deficits and hippocampal changes in synaptic structure and neurotransmitter systems [7] [8] [9] [10] . Histopathological studies showed that neurodegenerative diseases affect hippocampal subfields differently, e.g. neuronal loss was found especially in the CA1 area in Alzheimer disease [11] [12] [13] . Recently attention has been given also to brain metabolites and changes of their content during aging. N-acetyl-aspartate (NAA) has been accepted as a marker of neuronal health or damage [14] . NAA and other key brain metabolites like creatine, choline, etc. are often monitored and studied by proton magnetic resonance ( 1 H-NMR) techniques in vivo and in vitro in brain research concerning aging.
Many of the reported experiments have been done on senescent animals, however there is little evidence obtained on middle-aged animals. This comparative study focused on the hippocampus of middle-aged Wistar rats with the aim to investigate putative early differences in electrophysiological properties, morphometrical changes, and changes in hippocampal metabolite content in 1 H-NMR spectra compared to young rats. The goals were as follows: (1) to determine electrophysiological differences in population spike (PS) amplitude in the stratum pyramidale and field excitatory postsynaptic potential (fEPSP) slope in the stratum radiatum; further to assess putative changes in synaptic plasticity (LTP) in the CA3-CA1 synapse in young and middle-aged rat hippocampus in vitro, (2) to determine the middleage-related morphometrical changes in the stratum pyramidale of the CA1 area, and (3) to determine differences in the metabolite content in hippocampal extracts of young and middle-aged rats by 1 H-NMR spectroscopy.
Experimental Procedures

Animals
Male Wistar rats were used from the breeding station Dobra Voda (Slovak Republic, reg. No. SK CH 4004). Young 2-m/o rats weighing 200-220 g (n=26), and middle-aged 15-or 17-m/o rats weighing 400-500 g (n=18, n=17, respectively) had free access to water and food pellets and were kept on 12 h/12 h light/ dark cycle. Since the expected longevity of Wistar rats is approximately 3 years, the rats used here were near the mid of their span life. All procedures involving animals were performed in compliance with the Principles of Laboratory Animal Care issued by the Ethical Committee of the Institute of Experimental Pharmacology and Toxicology, Slovak Academy of Sciences and by the State Veterinary and Food Administration of Slovakia.
Preparation of rat hippocampal slices and extracellular recording
The rats were briefly anesthetized by ether, decapitated and the hippocampus was quickly removed from the brain and cut into transversal 400 µm thick slices with the McIllwain Tissue Chopper (Stoelting, USA). The slices were kept in the holding chamber for 60-80 min recovery period before the experiment started. During the measurement, the slice was kept in the recording chamber and continuously perfused with artificial cerebrospinal fluid saturated with 95% O 2 and 5% CO 2 at a constant rate monitored by aquatic manometer. The temperature of the recording chamber was kept at 34.0-35.0°C. Recordings were recorded on DigiData 1322A (Molecular Devices, Axon Instruments, USA) with sampling rate 10 kHz and stored on personal computer for off-line analysis by the AxoScope10.2 software.
To compare the magnitude of response in the young and middle-aged hippocampus, input-output curves were prepared using electrical stimuli with increasing intensity from 10 to 50 V, with short stimulus duration of 10 µs at the stimulus frequency of 0.05 Hz. The slope of fEPSP (mV/ms) in the stratum radiatum and the PS amplitude (mV) of CA1 pyramidal neurons in the stratum pyramidale were recorded extracellularly in response to electric stimulation of Schäffer collaterals, each on an individual hippocampal slice. The same stimulus intensity was repeated five times on the same slice and means ± S.E.M. from all slices in each age group of rats were calculated. Before induction of HFS, the baseline response was adjusted at the point when a PS generation started to be detected with following reduction of the stimulus intensity to obtain about 50% of the previous fEPSP amplitude. Then the slices were stabilized for 15-20 min. LTP was induced by a HFS of a single 100-Hz train with 1s train duration. After HFS, the baseline stimulation recording continued at the frequency of 0.05 Hz for at least 60 min.
Width of the CA1 pyramidal cell layer in rat hippocampus
The rats were briefly anesthetized by ether, decapitated and the right hemisphere of the brain was fixed in 4% formaldehyde, then embedded in paraffin and cut to obtain 5 µm slices across the hippocampus. Brain slices were routinely processed and stained by hematoxylin and eosin. The CA1 area in the hippocampus was selected and captured by optical microscope (Leica DM 2000, Wetzlar, Germany) with attached camera (S50, Canon, Japan), using the final magnification 400x in 10 microscopic fields. The width of the pyramidal cell layer in the CA1 area was determined at 3 places in each captured microscopic field by digital morphometry. 
1H-NMR spectroscopy and metabolite content in extract from whole hippocampus of young and middle-aged rats
The extract of hippocampal tissue was prepared by the modified method of Macri et al. [16] in 100 µl of 10% HClO 4 in D 2 O with 0.2% NaN3. In the present study, external standard 2,2,3,3-tetradeutero-3-trimethylsilylpropionic acid (TSP, 5 mmol l -1 ) was used to define the chemical shift scale. It served simultaneously as internal quantitative standard. The hippocampal samples were homogenized and centrifuged at 14,500xg for 20 min at 2 o C. The 1 H NMR spectrum was measured on the 600 MHz Varian-Inova spectrometer (Oxford Instruments, UK) in the volume of 40 µl of hippocampal extracts.
1 H NMR spectra were analyzed by deconvolution of the spectra into subspectra of the individual components using the CHENOMX software. The amount of proteins was assessed by the Bradford method in homogenates [17] .
Statistics
The data were statistically evaluated using Graph-Pad InStat and GraphPad Prism software. The values were expressed as mean ± SEM. The differences between groups were tested using the Student t-test. The limit of P<0.05 was considered statistically significant.
Results
Extracellular field potential recordings were analyzed and compared in young and middle-aged rats. Representative CA3-CA1 responses recorded from the hippocampus of 2-and 15-m/o rats are shown in Figure 1 . Both the reduced PS amplitude recorded in the stratum pyramidale and the reduced fEPSP slope recorded in the stratum radiatum, plotted as a function of a stimulus intensity, were obtained in 15-m/o rats compared to 2-m/o rats (Figure 2 ). An absolute value of mean magnitude of baseline field potential recordings as well as of response obtained 51-60 min after HFS was significantly lower in the middleaged rats (Table 1) . Normalized LTP amplitude during 51-60 th min after HFS (100 Hz, 1s) did not significantly differ in 15-m/o rat hippocampus compared to 2-m/o rats. Thus induction and maintenance of LTP was not impaired in the hippocampus of middle-aged rats compared to young rats. Further, we focused on confirmation of these physiological differences by a morphometrical approach. The width of the pyramidal cell layer of the CA1 hippocampal area was measured in hematoxylin-eosin stained hippocampal slices from young and middle-aged rats. Both in 15-and 17-m/o rats, the width of the pyramidal cell layer in the CA1 area was significantly reduced and accompanied by a decrease in cell number in the CA1 area when compared to that of 2-m/o rats (Figures 3, 4) . Further, the metabolic map was monitored by 1 H-NMR spectroscopy and the metabolite content in spectra was analyzed in hippocampal extracts of 2-and 17-m/o rats. No age-related difference in metabolite content in the hippocampus was found. Sixteen low-molecular 1 H-NMR metabolites were monitored: gamma-aminobutyric acid, glutamate, glutamine, acetate, lactate, creatine, inositol, NAA, alanine, taurine, aspartate, threonine, choline, P-choline, glutathione, glycine and citrate ( Figure 5 ).
Discussion
This study showed that some age-related differences previously observed mainly in senescent rats were already manifested to some degree in middle-aged rats. In addition, significantly reduced electrophysiological responses were obtained by equivalent electric stimulation recorded at the CA3-CA1 synapse already at the age of 15 months compared to young rats. Further, the composed action potential with a larger PS for equivalent EPSP amplitude was recorded in the stratum pyramidale of the CA1 area of middle-aged rats compared to young rats. So far, similar results have been reported mainly in the senescent 24-30-m/o rats [18] [19] [20] , but a reduced synaptic strength is observed here . Hippocampal slices of middle-aged rats show poorer excitability and synaptic transmission compared to young rats. Mean ± SEM is shown. Significance was calculated by the Student t-test, *P<0.05. Young rats (6), n=7 slices; middle-aged rats (7), n=10 slices. in the middle aged rats. A number of studies have shown morphological changes in the senescent hippocampus and positive correlations between age-related cognitive deficits and changes in hippocampal synaptic structure and neurotransmitter systems [11, 21, 22] . In the present study, numeric atrophy was observed already in the middle-aged rat hippocampal CA1 area due to the aging process, characterized by the decrease of pyramidal cell number leading to a reduction of the CA1 area width. resonance imaging studies showed shrinking of hippocampal volume by 20% in elderly healthy adults [23] . Presented LTP measurements indicate the ability to induce and maintain synaptic plasticity in middleaged hippocampus in coincidence with finding even in senescent 22-24-m/o rats compared to young 1-12-m/o rats [24] . Pronounced reduction of absolute magnitude of fEPSP as well as fEPSP slope before and after HFS indicates persisting neurotransmission impairment already in the middle-aged rat hippocampus. In the literature data, the normalised value of LTP magnitude (% of baseline) is generally used. This may cover an important difference in the real magnitude and slope of fEPSP between the young and aged subjects. The effect of aging on the content of the key brain metabolite NAA has been the subject of recent proton magnetic resonance spectroscopy studies in brain research. The content of NAA was generally higher in the brain of young experimental animals and healthy young volunteers [25] and low NAA concentration was found in the cortex of older volunteers [26] . However there are many opposite results, where the brain concentration of N-acetyl compounds was not reduced, in the elderly healthy control group [27] . No age-dependent changes in the concentrations of NAA, total creatine, total choline or myo-inositol in gray matter were reported in 24-89-y/o volunteers [28] and no age-dependent NAA decreases were observed in the human hippocampus [29] , in aged Sprague-Dawley rats [30] , and in Long Evans rats up to 18 months of age [31] . These conflicting data about NAA level in connection with aging call for further search of a relevant marker. Our findings of no age-related reduction in NAA content in hippocampal extracts presented here support this trend.
In conclusion, functional and morphological changes are observed in middle-aged hippocampus. Thus, 15-17-m/o rats could serve as proper animal model in studies focused on aging. Middle age period deserve more attention in research and further study aimed on timely prevention of early changes in the brain may contribute in slowing down of physiological brain aging. 
